Biogeochemical Output and Typology of Rivers Draining

Patagonia’s Atlantic Seaboard by Depetris, Pedro J. et al.
Journal of Coastal Research 21 4 835–844 West Palm Beach, Florida July 2005
Biogeochemical Output and Typology of Rivers Draining
Patagonia’s Atlantic Seaboard
P.J. Depetris†, D.M. Gaiero†, J.L. Probst‡, J. Hartmann§, and S. Kempe§
†CIGeS, FCEFyN
Universidad Nacional de
Co´rdoba
Avda. Ve´lez Sarsfield 1611
X5016GCA Co´rdoba,
Argentina
pdepetris@com.uncor.edu
‡Laboratoire des Me´canismes
de Transferts en Ge´ologie
UMR CNRS/Universite´ Paul
Sabatier No. 5563
38, rue des 36 Ponts
31400 Toulouse, France
§Institute for Applied
Geosciences
University of Technology
Darmstadt
Schnittspahnstraße 9
D-64287 Darmstadt, Germany
ABSTRACT
DEPETRIS, P.J.; GAIERO, D.M.; PROBST, J.L.; HARTMANN, J., and KEMPE, S., 2005. Biogeochemical output and
typology of rivers draining Patagonia’s Atlantic seaboard. Journal of Coastal Research, 21(4), 835–844. West Palm
Beach (Florida), ISSN 0749-0208.
Between June 1995 and November 1998, eight Patagonian rivers were sampled for the suspended and dissolved loads
delivered to the SW Atlantic. The most important rivers (Negro and Santa Cruz) jointly deliver ;90% of the total
Patagonian freshwater budget (;60 km3 y21). Of the total sediment load (;1.7 1012 g y21), 2.8% was accounted for by
particulate organic carbon (POC), 0.9% by inorganic particulate carbon (PC), 0.7% by particulate nitrogen (PN), and
0.7% by particulate phosphorus (PP). The mean dissolved organic carbon (DOC) yield was ;0.50 g m22y21, and POC
;0.3 g m22y21. Nitrogen is the limiting nutrient in all rivers; the mean molecular C:N:P ratio is 37:1:1. POC:PN ratios
(4.4–10) indicate an autochthonous origin for the organic matter in suspended particulate matter (TSS). Many factors,
such as proglacial oligotrophic lakes, coal-bearing strata, wetlands, aridity, as well as various human impacts, suggest
a complex typology. The analysis (Euclidean distance cluster analysis) of biogeochemical variables [SiO2, NO32, PO432,
DOC, POC, PC, PP, PN, C:N, DOC:POC, PC:POC, POC (%)] indicates that runoff, superimposed on biogeochemical
variables, plays an important role in Patagonian riverine typology: a) Low runoff rivers (,100 mm y21): the Chubut,
Chico, Deseado are characterized by low yields and POC:PN ratios; the Coyle River, by high DOC:POC; b) Medium
discharge rivers (100–300 mm y21): the Negro River has high dissolved yields and high POC(%TSS); the Colorado is
distinguished by high PP and PC specific yields, and POC:PN ratio; c) High runoff rivers (.1000 mm y21): Santa
Cruz and Gallegos rivers, are both characterized by above-average specific yields; the Gallegos has high POC(%TSS),
POC:PN and DOC:POC.
ADDITIONAL INDEX WORDS: Carbon, nutrients, sediment, material fluxes, runoff, river discharge, cluster analysis.
INTRODUCTION
Although wind-borne materials may be the major source of
particles and soluble phases for some coastal seas (e.g., the
African coastline, downwind of the Sahara; PROSPERO, 1996),
rivers are generally considered the foremost suppliers of dis-
solved and particulate matter to the coastal zone. In most
instances, river-transported nutritional material has a ben-
eficial effect on the biological communities thriving in the
land-ocean interface or in adjoining coastal waters because,
directly or indirectly, they support the trophic chain and
hence, the preservation of marine ecosystems. Conversely,
qualitatively and/or quantitatively undesirable compounds or
processes (e.g., pollutants, excessive sedimentation) may be-
come limiting for the well being of coastal species. This aspect
of heavy metal transfer and pollution has already been con-
sidered for Patagonian rivers in a recent paper (GAIERO et
al., 2002).
The Patagonian coastline and adjacent waters is well
known for its biological diversity and significant biomass. Im-
DOI: 10.2112/015-NIS.1 received and accepted in revision 8 March
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portant breeding sanctuaries for whales, and other large and
small mammals, as well as birds, occur here. Innumerable
species of fish and crustaceans also prosper in the nutrient-
rich cold waters of the northbound Malvinas (or Falklands)
Current and neighboring coastal waters. In short, the waters
off Patagonia are among the most productive in the world
and, therefore, sustain important fisheries with a significant
economic output (BOSCHI, 1993). In a recent paper, GAIERO
et al. (2003) assessed the role played by Patagonia as a sup-
plier of iron and other transition metals to the South Atlantic.
Within the framework of the EU-sponsored Project PARAT,
and also with the valuable support of Argentina’s CONICET
and FONCYT, we have studied the riverine and aeolian
transport of dissolved and particulate phases from Patagonia
to the SW Atlantic. This paper concentrates on the fluvial
mass transport rates of biogeochemically important dissolved
and particulate chemical species in Patagonian rivers (Figure
1), it probes into the relationships among these variables and
attempts, based on these data, the typological grouping of the
rivers involved.
Mass transport rates used throughout this paper are not
necessarily those actually reaching coastal Patagonian wa-
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Figure 1. Map of Patagonia showing the major rivers draining the At-
lantic seaboard.
ters, because estuarine processes may modify riverine fluxes
to some extent. Our data on dissolved and particulate mate-
rials are considered to reflect the geochemical nature and dy-
namics of Patagonian rivers and, ultimately, their effect on
the coastal zone.
MATERIALS AND METHODS
Between 1995 and 1998 water and suspended particulate
matter (TSS) was sampled during eight different sampling
expeditions. Hence, the flux calculations presented below are
based on a restricted amount of samples collected over a 3-
year period. We feel, however, that the assembled samples
cover a wide spectrum of river discharge stages (Figure 2)
and we are confident that the reported figures are reasonable
estimations of Patagonian export rates.
The emphasis of the study was placed on sampling the
land-ocean interface along Patagonia’s coastline. The mean
monthly discharge data for Patagonia’s more significant riv-
ers was obtained from Argentina’s federal government, which
currently reports hydrological data through its Subsecretarı´a
de Recursos Hı´dricos (http://www.mecon.gov.ar/hidricos/)
Water samples were taken from bridges with plastic sam-
plers, along Patagonia’s main southbound federal road (RN
3), integrating three different points across the river width.
Alkalinity was measured in the field immediately after the
collection, by 0.1600N or 1.600N H2SO4 titration, depending
on the expected alkalinity concentration (1.600N H2SO4 for
concentrations higher than 100 mg l21 as CaCO3). Total dis-
solved inorganic carbon or DIC was computed from dissolved
carbon species. Electrical conductivity, as a proxy measure of
total dissolved solids (TDS), was also determined in situ with
a portable probe (accuracy 6 1% of reading). The samples
were filtered in the field through 0.22-mm, Ø 47 mm pore-
size cellulose filters and the filtrate was stored in high-den-
sity polyethylene bottles. TSS was determined using pre-
weighted, 0.45 mm Millipore GS, Ø 47 mm filters.
The filtered samples for dissolved organic carbon (DOC)
analyses were stored in 100 ml glass bottles and preserved
with about 1 ml of HgCl2 saturated solution. DOC was sub-
sequently measured in a Shimadzu TOC 5000 analyzer (Kyo-
to, Japan). Each sample value represents a mean of 3 to 5
measurements (standard deviation ,2%, reproducibility
,5%). Total particulate carbon (PC), particulate organic car-
bon (POC), particulate nitrogen (PN), and particulate phos-
phorous (PP) were analyzed by means of a CNS Elementar
Vario EL instrument (detection limit 5 0.05 ppm, uncertain-
ty better than 2%) in material deposited on glass-fiber filters.
Repeated blank analyses showed that POC concentrations
were not biased by contamination.
No preservatives were added to nutrient samples because
they were analyzed within 24 hours of collection with a por-
table UV-Vis spectrophotometer: SiO2 by the silicomolybdate
method (s 5 60.0067 mg l21, detection limit 0.5 mg l21);
NO32-N by the cadmium reduction method (s 5 60.010
mgl21); and PO432 was determined with the phosphomolyb-
date method (s 5 60.01 mg l21) (EATON et al., 1995).
AREA OF STUDY
The Argentine expanse known as Patagonia has a surface
area of about 700,000 km2 (Figure 1). The northern boundary
of this region is the Colorado River (;398S), and the southern
limit is the Magellan Strait (;528S). It has two well-defined
geomorphologic units: the southern portion of the South
American Andes or Patagonian Cordillera to the west, and
the extra-Andean plateau lands, to the east. The highest An-
dean peaks at ;428S are ;2000 m high, whereas the eleva-
tion of the windswept tableland that lies between them and
the SW Atlantic Ocean fluctuates between 200 and 300 m
a.s.l.
Climate in the Patagonian plateau is temperate semiarid
in the north (mean annual temperature or m.a.t. of 148C to
168C,) and gradually becomes temperate-cold arid to semiarid
in the south (m.a.t. of 68C to 88C). Rainfall in most of the
plateau is 200 mm per year or less. In contrast, climate is
temperate humid to sub-humid in the northern and central
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Figure 2. Mean monthly discharges for the indicated rivers during the period of sampling (1995–98). Dark bars identify samplings.
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Patagonian Andes (m.a.t. of 68C to 88C, total annual rainfall
and snowfall is ;800 mm) and becomes temperate-cold hu-
mid to sub-humid in the southern portion (m.a.t. ,68C, total
annual rainfall and snowfall is ;1000 mm). The Andes in-
tercept the prevailing and strong westerlies causing oro-
graphically enhanced rainfall on their western side, while the
eastern side of the mountain chain is in the rain shadow.
Only a narrow strip along the Andes (about 15% of the total
area) has a rainfall higher than 800 mm per year. Hence, the
Andean west-to-east precipitation gradient is ;8 mm km21.
Accordingly, Andean slopes are densely forested (Nothofagus
sp., Austrocedrus chilensis, Chusquea culecu, etc.) whereas the
plateau is scarcely vegetated with low shrubs (Ephedra
ochreata, Mulinum spinosum, Stipa sp., etc.).
The geology of Patagonia is complex, with widespread vol-
canic rocks (basalts, andesites, rhyolites), continental and
less common marine sedimentary rocks. RAMOS (1999a) re-
cently described the Argentine geologic provinces in detail.
The region has been affected by 4 different orogenic cycles
(RAMOS, 1999b): a) the ‘‘ciclo Pampeano’’ (Precambrian-Cam-
brian, 600 to 520 m.y.), b) the ‘‘ciclo Famatiniano’’ (Ordovi-
cian-Devonian, 465 to 385 m.y.), c) the ‘‘ciclo Patagonı´dico’’
(Cretaceous, 98 to 75 m.y.), and d) the ‘‘ciclo Andico’’ (Paleo-
cene-Recent, 45 to 0 m.y.).
Andean orogenic volcanism is the result of the subduction
of oceanic lithosphere below the western margin of South
America. The geomorphological characteristics of Patagonia
are mostly delineated by Cenozoic volcanism. This volcanism
is defined by RAPELA et al. (1988) as the Patagonian Volcanic
Province and includes two main volcanic series. The Cordil-
leran Series to the west (Paleocene to Recent volcanic arc)
located along the Patagonian Andes, between 40–438S. The
major episodes began with felsic associations and ended with
intermediate to basic lava flows (RAPELA et al., 1988). The
Plateau Basaltic Series, to the east (back-arc), outcrops all
along the Patagonian region with typical basaltic composi-
tion.
During the Late Pleistocene and Holocene, frequent vol-
canic eruptions occurred in the Andean region. Quaternary
volcanic centers (FUTA and STERN, 1988) are dominated by
basalt and basalt to andesite composition. Widespread Ho-
locene fallout deposits of tephra in southern Patagonia were
attributed to two large explosive eruptions of the Hudson vol-
cano (STERN, 1991). This volcano has produced at least 12
explosive eruptions during the Holocene, including that of
August 1991. The Hudson andesitic tephra has a character-
istic calc-alkaline pattern (DERUELLE and BOURGOIS, 1993).
Limestones or carbonate-bearing rocks are scantily repre-
sented in the drainage basins of the southernmost rivers (i.e.,
Deseado, Chico, Coyle, Santa Cruz, and Gallegos). The Chu-
but River, with ;5% of sedimentary rocks in the headwaters,
has a larger proportion of carbonates than its southern neigh-
bors. In the Negro River drainage basin, and particularly in
its headwaters tributary, the Neuque´n River, carbonates and
evaporites are widespread (about 10% of the surface area).
Finally, in the Colorado River drainage basin the situation is
similar to the Neuque´n River, with as much as 2 to 3% of
carbonates and evaporites.
The glaciers of the Southern Andes significantly contrib-
uted to shape the landscape and poured out enormous
amounts of rock debris during glacial ages. Thus, unconsoli-
dated alluvial deposits of the last cold Pleistocene period were
spread all over the whole plateau, which is capped by a Ho-
locene fluvial-deposit sandy layer (5–10 cm) (CLAPPERTON,
1993).
HYDROLOGICAL ASPECTS
Eight main rivers drain the Patagonian region and, from
north to south they are: Colorado, Negro, Chubut, Deseado,
Chico (also known as Shehuen-Chico), Santa Cruz, Coyle, and
Gallegos. Their combined drainage areas, about 190,000 km2,
account for 30% of the total Patagonian territory. The re-
maining 70% corresponds to closed basins (some even reach-
ing below the sea level) and temporary smaller coastal drain-
age. They jointly deliver a freshwater volume of about 59 km3
to the SW Atlantic Ocean coastal zone per year (i.e., a total
mean instantaneous discharge of about 1900 m3s21). The Ne-
gro River (49%), the Santa Cruz (39%), and the Colorado (7%)
account for most of the total mean annual Patagonian dis-
charge. Their combined total mean runoff is 500 mm y21, but
when area-weighted, the mean runoff decreases to 300 mm
y21, a figure that more truthfully reflects the actual hydro-
logical conditions of the Patagonian plateau. Freshwater in-
flow peaks in the Patagonian coastal zone at the end of the
southern summer (February–March)—due to rainfall—and
during the southern spring (September–October), mostly due
to snowmelt. Figure 2 shows the series of mean monthly dis-
charges of the most important rivers, occurred during the pe-
riod of study (June 1995–November 1998).
During high water events, individual discharges may in-
crease up to six times over the mean flow. Recent studies
have shown that abnormal events, such as the ENSO occur-
rences in the Pacific or probably the anomalous residence of
the Pacific anticyclone in its northernmost position, indirectly
affect the Santa Cruz River flow by upsetting the damming-
rupture sequence in the Andean Perito Moreno Glacier (DE-
PETRIS and PASQUINI, 2000). The hydrology of the remaining
Patagonian rivers, and the possible effect on them of climatic
anomalies are currently being explored, although it is known
that in most Patagonian rivers there is no clear-cut connec-
tion between their hydrology and ENSO events, as it happens
in the Parana´ (DEPETRIS et al., 1996) or Uruguay rivers (ME-
CHOSO and PEREZ IRIBARREN, 1992).
Andean Patagonia is characterized by a long string (which
begins south of 368S and continues down to Tierra del Fuego)
of hundreds of lakes of glacial origin and variable size.
Shared between Argentina and Chile, the largest lake dis-
charges to the Pacific seaboard, bears the name Buenos Aires
(in the Argentine territory) and General Carrera (in Chile),
and is 170 km long, 50 km wide, and has and area of 2240
km2. The Nahuel Huapi Lake, in the Negro River headwa-
ters, is a more appropriate example of Patagonian oligotro-
phic (O2 .25% saturation at mean temperature) proglacial
lakes: with clear, nutrient-poor waters, it has an area of 557
km2, a water volume of about 88 km3, and a mean depth of
157 m (MARKERT et al., 1997). Some rivers hold oligotrophic
or ultra-oligotrophic proglacial lakes in their drainage basins
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Table 1. Drainage area, major hydrological parameters, and population
in Patagonian rivers.
River
Drainage
(km2)
Mean
Discharge
(m3 s21)
Runoff
(mm y21)
Yield
(l s21
km22)
Population
(inhab. km22)
Colorado
Negro
Chubut
Deseado
22,300
95,000
31,680*
14,450
131
858
42
5
151
251
32
11
5.9
9.0
1.3
0.3
1
7.1
3.5
0.4
Chico
Santa Cruz
Coyle
Gallegos
16,800
24,000
14,600
5,100
30
691
5
34
65
1445
9
2089
1.8
28.8
0.3
6.7
1.5
0.2
0.1
1.3
Data from Gaiero et al. (2002).
* The Senguer-Chico river is not included.
Table 2. Mean concentrations of TDS and major dissolved nutrients in Patagonian riversa
River TDS SiO2 NO32-N PO43-P DOC DIC
Colorado
Negro
Chubut
Deseado
670 [615–744]
130 [95–156]
240 [202–350]
2150 [140–9400]
11 [8–16]
12 [11–13]
12 [10–14]
19 [16–21]
0.032 [0.01–0.33]
0.029 [,0.01–0.04]
0.162 [0.16–0.60]
0.096 [0.09–0.20]
0.058 [0.007–0.19]
0.16 [0.10–0.32]
0.084 [0.03–0.19]
0.19 [0.01–0.47]
1.2 [0.7–1.8]
1.2 [0.9–1.4]
2.1 [1.5–3.1]
2.1 [1.4–3.7]
19 [16–20]
12 [8.8–19]
24 [20–31]
50 [33–63]
Chico
Santa Cruz
Coyle
Gallegos
120 [94–165]
30 [20–37]
180 [120–206]
100 [76–137]
5.7 [4.6–6.9]
1.7 [1.6–1.8]
2.4 [0.2–5.3]
15 [11–16]
0.126 [,0.01–0.30]
0.016 [,0.01–0.06]
0.011 [,0.01–0.04]
0.66 [,0.01–1.3]
0.39 [0.016–1.52]
0.091 [0.003–0.37]
0.24 [0.007–0.61]
0.15 [,0.001–0.36]
7.6 [4.0–10]
0.8 [0.6–0.9]
5.1 [3.4–7.0]
6.7 [2.6–13]
16 [13–21]
7.8 [3.4–11]
20 [15–24]
12 [9.3–16]
a Mean concentrations in mg l21 and range of at least 6 determinations.
(e.g., the Santa Cruz River drainage has 13 lakes, with a com-
bined surface area of 2.6 103 km2), others only have reservoirs
(e.g., the Chubut River has a 70 km2 reservoir lake), still oth-
ers have both kinds of water bodies (e.g., the Limay River
drainage basin, tributary of the Negro River, holds 29 lakes
and 4 reservoirs). In every case, the net effect of such lakes
or reservoirs is a persistent modulation of the discharge se-
ries that in some cases may be quite pronounced, as in the
Santa Cruz River. The most important Argentine lakes and
reservoirs are catalogued in http://www.mecon.gov.ar/lagos/
ind.htm.
The Colorado river is mainly fed by snowmelt occurring in
the Andes and some summer rainfall; the Negro and Chubut
exhibit the combined effect of winter snowfall and rainfall,
and spring snowmelt waters; the Santa Cruz owes its re-
markably regular inter-annual discharge to the contribution
of melt waters and atmospheric precipitation during autumn,
and the Gallegos shows the dominance of spring melt waters
on its discharge regime. Table 1 lists the drainage area of
Patagonian rivers, along with other relevant variables. Evi-
dently, the climatic variability in the headwaters is reflected
in the specific water yield. For example, very low values in
semiarid Deseado, Coyle, and Chubut (0.3, 0.3, and 1.3 l
s21km22, respectively) and excess water in the upper catch-
ments of the Santa Cruz River (28.8 l s21km22). The inspec-
tion of Table 1 also shows that on the basis of runoff, it is
possible to distinguish three types of rivers in Patagonia: a)
those with low runoff (less than 100 mm y21), like the Chu-
but, Chico, Deseado, and Coyle; b) the rivers with interme-
diate runoff (100–300 mm y21), like the Negro and Colorado
rivers; and c) the class of high runoff rivers (more than 1000
mm y21), namely the Santa Cruz and Gallegos. Following
MEYBECK’s (1993) typological scheme, the first group would
be in semi-arid regions, the second would be in average re-
gions, and the third would originate in wet regions.
In order to approximate the human impact factor in each
drainage basin, Table 1 also lists the corresponding approx-
imate population densities. It is obvious that all the consid-
ered drainage basins are largely under-populated, none
reaching 10 inhabitants per km2 and most with about 1 in-
habitant per km2 or less.
RESULTS AND DISCUSSION
Mass Transport Rates and Yields
Dissolved Species
Table 2 displays the concentration means of major dis-
solved constituents in Patagonia’s rivers. The concentration
of TDS varies widely between the very dilute waters in the
Santa Cruz River (very high runoff) on one extreme, to the
high TDS Deseado River (very low runoff) on the other. In
the Deseado, the high TDS concentrations are determined by
evaporation and the TDS contribution of salt-bearing sedi-
ments and soils. The high dissolved solids content in the De-
seado is associated with high concentrations of DOC, high
SiO2 and nutrients, and very low runoff (Table 1). We inter-
pret these biogeochemical characteristics as determined by
the decomposition of algae and other autochthonous organic
mater in a rather stagnant riverine environment. Other fac-
tors control the remaining rivers with relatively high DOC:
the Gallegos River has outcropping coal beds in the drainage
basin (also has high SiO2, and the highest NO32-N mean con-
centration of all the surveyed rivers), and the Coyle River has
marshes and peat in the flood plain. In general, DIC is co-
variant with DOC, with the exceptions of the last two rivers,
which appear to have unusual sources of organic carbon. The
remaining rivers display relatively low DOC concentrations
(mainly refractory in nature), and share a common charac-
teristic: most hold lakes or reservoirs in their respective ba-
sins that consume nutrients through primary production and
process DOC through respiration, thus further diminishing
its concentration in nutrient-poor, already low-DOC waters.
The availability of data supplied by a d13C study in DIC, cur-
rently being processed, will unquestionably provide more in-
formation on these interesting aspects.
Nitrogen enters rivers chiefly through rain and soil waters
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Table 3. Mass transport rates and specific yields of TDS and selected dissolved nutrients in Patagonia’s main rivers.
River
TDS
g y21 g m22 y21
SiO2
g y21 g m22 y21
NO32
g y21 g m22 y21
PO432
g y21 g m22 y21
DOC
g y21 g m22 y21
Colorado
Negro
Chubut
Deseado
Chico
2.91E 1 12
2.98E 1 12
2.65E 1 11
4.70E 1 11
1.10E 1 11
130.7
31.3
8.4
32.7
6.6
5.11E 1 10
2.63E 1 11
1.29E 1 10
2.98E 1 09
5.40E 1 09
2.3
2.8
0.4
0.2
0.3
3.76E 1 08
2.77E 1 09
1.12E 1 09
6.74E 1 07
4.09E 1 08
0.017
0.029
0.035
0.005
0.024
7.3E 1 08
1.4E 1 10
3.4E 1 08
8.9E 1 07
1.2E 1 09
0.033
0.142
0.011
0.006
0.070
5.65E 1 09
2.73E 1 10
2.41E 1 09
1.20E 1 09
2.00E 1 09
0.25
0.29
0.076
0.083
0.12
Santa Cruz
Coyle
Gallegos
Sum or mean
7.08E 1 11
2.17E 1 10
1.32E 1 11
7.60E 1 12
29.5
1.49
25.9
33.3
3.36E 1 10
3.85E 1 08
1.95E 1 10
3.89E 1 11
1.4
0.026
3.8
1.4
2.70E 1 09
1.30E 1 07
2.46E 1 09
9.91E 1 09
0.113
0.001
0.482
0.090
1.0E 1 10
1.2E 1 08
4.1E 1 08
2.7E 1 10
0.422
0.008
0.081
0.100
1.62E 1 10
8.04E 1 08
1.22E 1 10
6.78E 1 10
0.68
0.055
2.4
0.50
in the gas phase or in biological materials. Soils are an im-
portant source of nitrate and ammonium to the hydrosphere
and biosphere since microbes can fix N2 to other forms. Phos-
phorous enters rivers primarily as particulate matter and
secondarily as dissolved inorganic phosphorous (DIP). ‘‘Free’’
nitrogen and phosphorous are rapidly utilized by autotrophs
and, hence, they have a short residence time in most aquatic
systems.
Phosphorous is commonly the limiting nutrient for photo-
synthesis in natural aquatic systems. In Patagonian rivers,
near their outfall, nitrogen appears to be the limiting nutri-
ent because it is in short supply and, having more significant
dissolved fluxes and gaseous forms, cycles more rapidly than
phosphorous.
Aside from the already considered Gallegos and Deseado,
the Chubut and Chico rivers (Table 2) also have noteworthy
NO32-N concentrations. In the case of the Chubut, it is surely
determined by human contribution (the mesotrophic F.
Ameghino reservoir, farmlands, and the city of Trelew in the
lowermost stretch), whereas in the case of the Chico River,
which also has the highest PO432-P mean concentration, it is
most likely related to a significant headwaters erosion rate.
Other outstanding PO432-P concentrations are connected to
high dissolved organic matter (DOM) concentrations (e.g., in
the Coyle, Gallegos, Deseado) and, in the Negro, they are
probably the result of anthropogenic activities (i.e., municipal
sources, use of fertilizers) all along its course.
To calculate the transport rate of dissolved species we fol-
lowed the methodology already described by GAIERO et al.
(2003): Fx 5 (S Ci(x)Qmi)/N where Fx is the mean interannual
flux of any dissolved component, Ci(x) is the concentration of
component x during period I, Qmi is the mean monthly dis-
charge corresponding to the sampling period I, and N is the
total number of sampling periods i. Fluxes for the Deseado,
Chico and Coyle were estimated by substituting their mean
annual discharge (Qa) for Qmi in the equation above.
Our main concern is to assess the mass transport of par-
ticulate and dissolved phases (Table 3) to coastal Patagonia:
when it comes to the specific yield of nutrients, the main fac-
tor controlling high yields appears to be runoff (Table 1).
When runoff is coupled to other characteristics, such as the
already mentioned outcropping of coal-bearing beds in the
Gallegos River drainage basin, the result is the highest spe-
cific supply of NO32, SiO2, and DOC.
The Santa Cruz River is the main specific provider of dis-
solved PO432, probably because in the ultra-oligotrophic lakes
(Argentino and Viedma) that supply most of its discharge,
nitrogen is in short supply (N:P is low) and primary produc-
tivity is in this case limited by the availability of nitrogen
(i.e., low temperatures limit organic matter mineralization).
Similarly, the Negro River, largely fed by the oligotrophic Na-
huel Huapi Lake, has a low dissolved N:P ratio (about 10,
MARKERT et al., 1997) and is also a significant specific PO432
provider (Table 3). But in this situation, the phosphorous
supply is the probable result of municipal contributions in the
lake itself (i.e., S.C. de Bariloche is the largest lakeside city,
with ;85,000 inhabitants) and of agricultural activities and
cities along the downstream valley.
Patagonian rivers export a total of 0.6 1012 g y21 of DIC.
This is less than 10% of the flux exported by the Rı´o de la
Plata (i.e., the Parana´ and Uruguay rivers together) to the
SW Atlantic and about 1% of the mass of inorganic carbon
delivered to the ocean by South America (DEGENS et al.,
1991). The DIC specific yield of Patagonia (2.7 g m22 y21) is
40% of the Amazon’s yield (6.7 g m22 y21) and almost 80% of
the total exported DIC is accounted for by the two largest
drainage basin, the Negro and Santa Cruz rivers. In most
Patagonian rivers, DIC speciation—about 90%—is accounted
for by carbonate alkalinity (HCO32 and CO322). Noteworthy
exceptions are the Santa Cruz and Gallegos rivers, where a
high proportion of DIC is accounted for by H2CO3. This is
most likely linked to bacterial respiration promoted by or-
ganic debris supplied by the outcropping coal beds in the Ga-
llegos drainage basin and by thick outcrops of organic-rich
shales in the Santa Cruz.
It can be verified that the area-normalized production of
dissolved carbon and nitrogen in Patagonia’s rivers are linked
by a significant (r 5 0.99, p , 0.05) linear relationship. The
specific yield of dissolved carbon is also significantly corre-
lated with the production of dissolved SiO2 (r 5 0.76, p ,
0.05), and hence, silica is significantly correlated with NO32
(r 5 0.71, p , 0.05). Runoff is significantly correlated with
NO32 (r 5 0.90, p , 0.05) and, as it happens in most world
rivers, with DOC (r 5 0.92, p , 0.05).
Because the Negro River has the largest drainage basin
and water discharge of all Patagonian rivers (Table 1) it is
also the main carrier of dissolved nutrients. It roughly deliv-
ers 39% of the TDS mass that is transported to coastal Pa-
tagonia, as well as 68% of the dissolved SiO2, 28% of the NO32
mass, 53% of PO432, and 40% of DOC. Therefore, the Negro
841Biogeochemistry of Patagonian Rivers
Journal of Coastal Research, Vol. 21, No. 4, 2005
Table 4. Mean concentrations of TSS and other particulate constituents in Patagonian riversa
River TSS PC POC PN PP
Colorado
Negro
Chubut
Deseado
Chico
Santa Cruz
Coyle
Gallegos
45 [12–145]
16 [5.6–28]
62 [20–64]
356 [129–668]
355 [37–930]
23 [11–33]
17 [8–24]
32 [5–60]
1.8 [0.55–3.3]
0.85 [0.58–1.1]
1.6 [1.4–2.0]
7.5 [2.4–13]
5.7 [2.0–12]
0.64 [0.40–0.97]
1.0 [0.85–1.3]
4.0 [3.8–4.4]
0.89 [0.42–1.3]
0.82 [0.56–1.0]
0.82 [1.1–1.6]
4.7 [1.4–7.8]
4.4 [1.6–9.6]
0.60 [0.37–0.89]
0.60 [0.78–1.2]
2.9 [1.0–3.9]
0.27 [0.11–0.49]
0.19 [0.12–0.24]
0.33 [0.27–0.40]
1.4 [0.54–1.9]
1.3 [0.65–2.9]
0.16 [0.11–0.24]
0.21 [0.16–0.24]
0.41 [0.33–0.55]
0.31 [0.09–0.52]
0.07 [0.06–0.09]
0.19 [0.17–0.20]
0.77 [0.71–0.83]
0.77 [0.07–1.5]
0.32 [0.04–0.61]
0.08 [0.06–0.09]
0.15
a Mean concentrations in mg l21 and range in at least 4 determinations.
Table 5. Mass transport rates and specific yields of TSS and other related variables in Patagonia’s rivers.
River
TSS
g y21 g m22 y21
PC
g y21 g m22 y21
POC
g y21 g m22 y21
PN
g y21 g m22 y21
PP
g y21 g m22 y21
Colorado
Negro
Chubut
Deseado
Chico
3.00E 1 11
4.20E 1 11
4.92E 1 10
5.22E 1 10
3.37E 1 11
13.4
4.4
1.6
3.6
20.1
1.22E 1 10
2.28E 1 10
1.87E 1 09
1.19E 1 09
5.42E 1 09
0.55
0.24
0.06
0.08
0.32
3.19E 1 09
2.21E 1 10
1.57E 1 09
7.28E 1 08
4.20E 1 09
0.14
0.23
0.05
0.05
0.25
1.72E 1 09
4.79E 1 09
3.81E 1 08
2.18E 1 08
1.22E 1 09
0.077
0.050
0.012
0.015
0.073
2.85E 1 09
1.68E 1 09
1.80E 1 08
1.22E 1 08
7.24E 1 08
0.128
0.018
0.006
0.008
0.043
Santa Cruz
Coyle
Gallegos
Sum or mean
4.38E 1 11
2.65E 1 09
5.88E 1 10
1.66E 1 12
18.2
0.2
11.5
9.1
1.08E 1 10
1.57E 1 08
7.55E 1 09
6.20E 1 10
0.45
0.01
1.48
0.40
1.04E 1 10
1.40E 1 08
5.06E 1 09
4.74E 1 10
0.43
0.01
0.99
0.27
3.13E 1 09
3.31E 1 07
6.37E 1 08
1.21E 1 10
0.130
0.002
0.125
0.061
5.63E 1 09
1.21E 1 07
6.30E 1 07
1.13E 1 10
0.234
0.001
0.012
0.056
River is a significant factor influencing coastal biological com-
munities in northern Patagonia.
The water volume proves also important establishing the
second contributor of nutrients to Patagonia’s coastal waters:
the Santa Cruz River supplies 27% of the NO32 transported
mass, 38% of the PO432, and 24% of the DOC. The Colorado
River is significant in delivering the second most important
mass of TDS and SiO2. In other words, the Negro and Santa
Cruz drainage basins, placed at the northern and southern
extremes of Patagonia, are—in terms of mass—the two most
important sources of nutrients to the coastal zone.
Particulate Phases
Table 4 shows the concentrations of major particulate com-
ponents transported by the rivers of Patagonia. The Deseado
and Chico appear to be the rivers with the highest concen-
trations of TSS (at least one order of magnitude higher than
the remaining rivers) and of other particulate components.
The transport rate of the particulate load was also calcu-
lated following the methodology described by GAIERO et al.
(2003): F(TSS) 5 (S Ci(TSS)Qmi)/N. Fx is the mean interannual
flux of the suspended load, Ci(TSS) is the concentration of the
suspended matter during period i, Qmi is the mean monthly
discharge corresponding to the sampling period i, and N is
the total number of sampling periods i.
The Patagonian riverine system transports a TSS total
mass of about 1.7 1012 g y21, of which 2.8% is accounted for
by POC, 0.9% by inorganic particulate carbon, 0.7% by PN,
and 0.7% by particulate phosphorus PP (Table 5). The Negro
and Santa Cruz are the rivers transporting the largest pro-
portion of the TSS mass, as well as the majority of the TDS.
Patagonia’s rivers are only small nutrient contributors to the
bulk transferred from continents to the world ocean: of the
entire South American nutrient budget (DEGENS et al., 1991)
it supplies less than 0.1% of TSS, about 0.2% of POC, and
about 0.2% of the total organic carbon (TOC). Patagonia is,
however, a significant contributor of particulate material to
the SW Atlantic, mainly via aeolian pathways (GAIERO et al.,
2003).
In terms of specific yields (Table 5), and contrasting with
dissolved constituents, the Chico River is the highest supplier
of TSS, whereas the Santa Cruz River is the main contributor
of PN, and PP. It must be recalled that, in general, only about
10% of the PP is biologically available, with the rest bound
to inorganic phases (e.g., RAMIREZ and ROSE, 1992). Also, the
N:P ratio of freshwater phytoplankton ranges from 20 to 40
(e.g., ELSER and HASSETT, 1994), and the net phosphorous
mineralization begins at N:P , 16 (e.g., TEZUKA, 1990). In
view that the N:P particulate ratio in the Santa Cruz River
is about 1, it can be concluded that this river is Patagonia’s
main specific supplier of particulate C and P probably be-
cause the material is largely immobilized and not available
for consumption.
The already mentioned outcropping coal beds in the Galle-
gos drainage basin is definitely the factor that determines its
prevalence as the most important provider of the area-nor-
malized total particulate carbon (PC, i.e., inorganic 1 organ-
ic), and POC.
MEYBECK (1993) underlined the significance of river runoff
as the main factor controlling the riverine transfer of carbon
to world oceans. This is also true for Patagonian rivers, where
runoff is significantly correlated with the specific yield of par-
ticulate carbon and nitrogen: with PC, r 5 0.86; with POC, r
5 0.94; with PN 5 0.84 (all with p , 0.05).
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Table 6. Selected biogeochemical parameters in Patagonian rivers.
River
TDS
TSS
DOC
POC
N-NO32 a
PN
P-PO432 a
PP
POC
PN
PC
POC POC%TSSb [C:N:P]diss.c [C:N:P]part.c
Colorado
Negro
Chubut
Deseado
9.72
7.09
5.39
9.00
1.77
1.23
1.54
1.65
0.05
0.13
0.66
0.07
0.08
2.63
0.62
0.24
7.3
5.1
4.9
5.7
3.82
1.03
1.19
1.63
2.8
4.4
2.5
1.7
60:0.8:1
160:3:1
54:5:1
109:1.3:1
11:1:1
35:6:1
27:5:1
25:4:1
Chico
Santa Cruz
Coyle
Gallegos
0.33
1.62
8.20
2.25
0.48
1.57
5.73
2.42
0.08
0.19
0.09
0.87
0.53
0.59
3.20
2.14
4.4
4.5
5.0
10.0
1.29
1.04
1.12
1.49
1.1
2.4
4.5
7.8
13:0.5:1
13:0.4:1
54:0.2:1
240:10:1
19:4:1
5:1:1
34:6:1
310:22:1
a Specific yield ratios.
b % of TSS.
c Atomic ratios in specific yields.
Figure 3. DOC:POC versus C:N ratio in particulate matter of Patago-
nia’s rivers. Take note of the anomalous value for the Coyle River.
When it comes to appraising the river that is likely to sup-
ply the largest proportion of TSS, PC, POC, PN, and PP to
Patagonia’s coastal zone, it becomes clear that water volume
is again an overriding factor, because the Santa Cruz and
Negro rivers, being the two largest rivers of Patagonia, are
the most significant suppliers. A noticeable departure from
this rule is the relative significance of the PP delivered
through the Colorado River, probably a consequence of an-
thropogenic impacts (e.g., fertilization in agricultural lands).
As with the Santa Cruz, the phosphorous is most likely im-
mobilized.
Other Biogeochemical Parameters
Table 6 shows that the exported major dissolved constitu-
ents dominate over particulate matter in most Patagonian
rivers, and they transport between five and 10 times more
dissolved compounds than particulate matter. In terms of
specific yields, the TDS:TSS ratios fluctuate widely. In two
rivers, ratios oscillate around 2 (the two high-runoff rivers
Santa Cruz, and Gallegos). In contrast, the ratio TDS:TSS in
the Chico River is ,1, and we can infer that sediment-re-
moving erosion is quantitatively more significant in the Chico
River drainage basin than the specific supply of dissolved sol-
ids.
Likewise, the rivers export more dissolved than particulate
organic carbon. DOC:POC ratios (Table 6) range mostly from
1.2 to 1.7. These ratios are remarkably low when compared
with other world rivers, and they are clearly compatible with
highland rivers (ITTEKKOT and LAANE, 1991). The exceptions
are the Chico River (that produces and exports more partic-
ulate organic matter than dissolved constituents), the Coyle
River (with peat and marshes in its catchments), and the
Gallegos, with coal-bearing strata in its drainage basin.
The C:N ratio in global TSS is ;11 (e.g., SCHLESINGER,
1997); in phytoplankton it fluctuates between 4 and 10,
whereas vascular land plants have C:N .20 (MEYERS, 1997).
Therefore, we conclude that low POC:PN ratios in Patagon-
ian rivers most likely reflect the autochthonous origin (i.e., a
phytoplankton signature) of phases transported in suspen-
sion, which are partially respired during their downriver
transfer. Departures are the Colorado and Gallegos rivers,
both probably with some terrigenous (or allochthonous) con-
tribution (Figure 3). A striking deviation is the Coyle River,
where low POC:PN ratios are associated with the already
mentioned significant DOC production (Figure 3).
Table 6 also shows that in several instances, the forms of
particulate inorganic carbon are only a fraction of PC. Devi-
ations from this rule are the conspicuous Colorado River
(transporting carbonate phases in its TSS load, GAIERO et
al., 2002), the Deseado River (with high DIC concentration,
marked aridity and very low water yield), and the Gallegos
River (with carbonates probably supplied by the coal-bearing
strata and organic-rich shales).
Patagonian rivers also show the well-known inverse rela-
tionship between POC (as % of TSS) and TSS (Figure 4) also
documented for most world rivers (ITTEKKOT and LAANE,
1991). Also, the area-normalized N production shows that
particulate phases always prevail over nitrification, and that
dissolved N becomes important due to anthropogenic (Chubut
River) or natural (Gallegos River) causes. In contrast, the
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Figure 4. Scatter graph showing the inverse correlation between TSS
and POC in Patagonia’s rivers.
Figure 5. Euclidean distances tree diagram (weighted pair-group aver-
age method) showing different levels of similarity among Patagonia’s riv-
ers. See text for additional explanation.
dominance of dissolved P over the particulate form is clear in
the Negro (possible pollution impact), Coyle (increased ero-
sion in headwaters), and Gallegos (coal-bearing strata and
organic-rich shales) rivers.
Area-normalized yields allow examining further the possi-
ble origin of the material supplying dissolved constituents.
For example, the mean dissolved C:N:P molar ratio in the
Negro River is 160:3:1 (Table 6). This is relatively close to
the Redfield ratio of 106:16:1 for marine phytoplankton (RED-
FIELD et al., 1963) but significantly different from the ratio
of 2300:440:1 found by MEYER et al. (1981) for a headwater
stream (Bear Brook, NH, USA). Similarly, the Gallegos River
has a mean C:N:P ratio of 240:10:1. In this case, the net dom-
inance of carbon is explained by the already mentioned out-
crops of carbon-rich coal beds. The mean dissolved C:N:P ra-
tio for all the studied Patagonian rivers is 37:1:1, and it
shows the weight of the nitrogen-limited, markedly oligotro-
phic Santa Cruz River, which has a ratio of 13:0.4:1.
Typological Approach
We selected a set of variables for a statistical analysis, so
as to generate a biogeochemical typological scheme. This data
set was subjected to a weighted pair-group average hierarchi-
cal clustering analysis. The preferred coefficient of resem-
blance was the standardized m-space Euclidean distance, dij.
The distance coefficient is computed by dij 5 {[S (Xik 2
Xjk)2]/m}½, where Xik denotes the kth variable measured on
river i and Xjk is the kth variable measured on river j. Evi-
dently, a low distance indicates that two rivers are similar
from the point of view of the chosen variables.
All in all, 12 variables (m) variables were chosen: the spe-
cific yields of dissolved species (SiO2, NO32, PO432, and DOC);
the specific yields of particulate species (POC, PC, PP, and
PN), and a number of parameters of biogeochemical signifi-
cance [C:N, DOC:POC, PC:POC, POC (%)]. Prior to process-
ing, all variables were standardized [standard score 5 (raw
score 2 mean)/standard deviation] so as to ensure that each
variable was weighted equally.
Figure 5 presents the resulting dendrogram or tree dia-
gram. It shows that the Chubut, Deseado, and Chico, which
are semi-arid rivers (exhibit runoffs lower than 100 mm y21),
are grouped together. In general, these rivers are character-
ized by low specific yields of dissolved (DOC yield is especially
low) and particulate phases, a low POC:PN ratio, and a low
relative contribution of POC (as % of TSS). The Negro River
resembles this group, except that it has an intermediate run-
off (;250 mm y21), higher yields—particularly of dissolved
SiO2, PO432, and DOC- and the contribution of POC to TSS
is significantly higher. The Coyle River, also belonging to the
low-runoff group, is basically separated from the rest by the
net dominance of DOC over POC.
The Colorado River is identifiable by its intermediate run-
off, high PP and PC specific yields (large PC:POC ratio) and,
probably, a larger contribution than previous rivers of non-
aquatic debris to the organic particulate load (mean POC:PN
of ;7).
Finally, the Santa Cruz and Gallegos define the high-runoff
(.1,000 mm y21) class. They are characterized, in general,
by above-average specific yields of dissolved species and par-
ticulate phases. The Gallegos has a particularly low yield of
PP, and high POC:PN ratio, DOC:POC ratio, and POC con-
tributes significantly to the TSS load.
Concluding Comments
The eight eastward flowing rivers that drain Patagonia’s
plateau transfer a significant mass of nutrients to the Atlan-
tic coastal zone and probably play a significant role in main-
taining the rich Patagonian coastal fauna. Compared to other
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fluvial regions, the Patagonian area is special because these
rivers originate in the Andean eastern slope and then they
cross vast areas with a marked water-deficit before reaching
the Atlantic coastline. Further, a number of these rivers hold
lakes and/or reservoirs in their headwaters. In spite of these
similarities, all the variables considered show an ample spec-
trum of variation, thus reflecting widely differing conditions
in the rivers’ drainage basins. Among the most significant
sources of variation are: the coal-bearing beds in the Gallegos
River, and the widespread organic-rich shales, which deter-
mine a high carbon specific yield; the ultra-oligotrophic lakes
in the Santa Cruz River drainage basin and the oligotrophic
ones in the Negro River drainage basin; the high TSS load in
the Chico River; and mostly autochthonous (or aquatic) sourc-
es of particulate organic matter in almost all the rivers, and
the reduced significance of possible allochthonous (or terres-
trial) sources; and the human impact, most notably in the
Negro, Colorado, and Chubut rivers. The multivariate anal-
ysis indicates that the biogeochemical variability separates
rivers into distinct groups. This grouping also shows that wa-
ter availability is the variable that explains most of the var-
iance in the studied multi-river system.
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